Radical cyclizations of conjugated esters and amides with 3-oxopropanenitriles in presence of manganese(III) acetate produced ethyl 4-cyano-2,3-dihydrofuran-3-carboxylates and 4-cyano-2,3-dihydrofuran-3-carboxamides in good yields. The radical cyclizations of conjugated amides gave 2,3-dihydrofurans in better yields than that of conjugated esters. Moreover, the reactions of thienyl substituted amides and esters with 3-oxopropanenitriles afforded 2,3-dihydrofurans more efficiently than phenyl substituted ones.
Introduction
Transition metal salts (Mn +3 , Ce +4 , Ag + ) having single electron transfer ability are widely used in organic reactions for generating C-C bonds.
1 It is well-known that dihydrofurans 2 are synthesized by radical cyclization reactions with alkenes and 1,3-dicarbonyl compounds using manganese(III)acetate 2,3 , cerium(IV) ammonium nitrate 4 and silver(I) nitrate 5 . Also, it is reported that these radical oxidants are widely used in natural product synthesis. 6 The dihydrofuran skeleton is accepted as an important class of organic compound in terms of representing biological activity and resembling natural products.
Recently, some 4,5-dihydrofuran-3-carbonitrile derivatives have been reported to show antibacterial and antifungal activity. 7 Also, it is known that dihydrofurans containing carboxamide groups show fungicidal and microbicide activity. 8 Recently, we have reported the study of radical cyclizations of 3-oxopropanenitriles with α,β-unsaturated amides 2h and alkenes 2i-j mediated by manganese(III) acetate (Mn(OAc)3). In this On the other hand, ethyl 4-cyano-2,3-dihydrofuran-3-carboxylate 3c and 3d were obtained from the radical cyclization of 1a and 3-(2-thienyl)-3-oxopropanenitrile 1c with ethyl 3,3-diphenylacrylate 2c, respectively. Similarly, 3e and 3h were formed by treatment of 3,3-diphenylacrylamide 2d with the same 3-oxopropanenitriles in moderate yields. Additionally, we obtained similar results in the oxidative cyclizations of 2d with 3-(4-methoxyphenyl)-3-oxopropanenitrile 1d and 3-(4-chlorophenyl)-3-oxopropanenitrile 1e. Moreover, treatment of 1b with 3,3-diphenylacrylamide 2d gave 3i in 40 % yield.
According to these results, the reactions of the two diphenyl substituted alkenes 2c and 2d with 3-oxopropanenitriles formed 2,3-dihydrofurans in higher yields than that of the monophenyl substituted alkenes 2a and 2b. This can be explained by the stability of the radical intermediate products formed with the addition of an α-carbon radical to conjugated esters and amides. Since the tertiary radicals obtained from 2c and 2d are conjugated with two phenyl groups, stability of these radicals are higher than that of the tertiary radicals of 2a and 2b. Therefore, the cyclization of more stable intermediate product forms 2,3-dihydrofuran in a higher yield.
4-Cyano-2,3-dihydrofuran 3j was obtained in good yield (68%) from the reaction of 1a with 2e, while no product was formed in the cyclization of the same 3-oxopropanenitrile with 2a (table 2) . Similarly, the treatment of 1d and 1e with 2e formed 2,3-dihydrofurans 3k (80%) and 3l (61%), respectively. 2,5-Dithienyl substituted dihydrofuran 3m was obtained from the radical cyclization of 1c with 2e. While the treatment of 3-(2-furyl)-3-oxopropanenitrile 1f with 2e gave 3n (45%), 3o (75%) formed with benzofuryl derivative 3-oxopropanenitrile 1b. Additionally, ethyl 5-tert-butyl-4-cyano-2-methyl-2-(2-thienyl)-2,3-dihydrofuran-3-carboxylate 3p was produced in the reaction of 4,4-dimethyl-3-oxopropanenitrile 1g with 2e. Oxidative cyclizations of (2E)-3-(2-thienyl)but-2-enamide 2f with 3-oxopropanenitriles 1a-f and 1h produced 2,3-dihydrofuran carboxamide derivatives 3q-w in good to excellent yields. Moreover, these products were obtained with higher efficiency than other esters and amides. The best result was obtained by the reactions of 2f with 3-oxopropanenitriles 1b and 1d via Mn(OAc)3. 
Conclusions
In conclusion, Mn(OAc)3 mediated radical cyclization of conjugated esters and amides with 3-oxopropanenitriles was studied in this work comparatively, resulting in formation of various 2,3-dihydrofuran-3-carboxylates and 2,3-dihydrofuran-3-carboxamides. Similar results were obtained from the reactions of conjugated esters 2a, 2c, 2e and conjugated amides 2b, 2d, 2f with 3-oxopropanenitriles. On the other hand, a noteworthy increase is observed in product yields when phenyl group of conjugated esters 2a-d and amides 2e-f is replaced with thienyl group since carbocation intermediates are stabilized by the lone pair electron of thienyl group.
Experimental Section
General. Melting points were determined on a Gallenkamp capillary melting point apparatus. IR spectra (KBr disc, CHCl3) were obtained with a Matson 1000 FT-IR spectrophotometer in the 400-4000 cm -1 range with 4 cm -1 resolution. 1 H NMR and 13 C NMR spectra were recorded on a Varian Mercury-400 High performance Digital FT-NMR and Varian Oxford NMR300 spectrometers. The mass spectra were measured on a Waters 2695 Alliance HPLC, Waters micromass 2Q (ESI+) and Waters Xevo TQMS spectrometers. Elemental analyses were performed on a Leco 932 CHNSO instrument. Thin layer chromatography (TLC) was performed on Merck aluminium-packed silica gel plates. Purification of products was performed by column chromatography on silica gel (Merck silica gel 60, 40-60 mm) or preparative TLC on silica gel of Merck (PF254-366 nm). All reagents, 3-(4-chlorophenyl)-3-oxopropanenitrile and 1-benzofuran-2-carboxylic acid were purchased from Sigma-Aldrich.
General procedure for the synthesis of conjugated esters (2a, 2c) and (2e)
To a solution of NaH (120 mmol, 60% dispersion in mineral oil, 4.8 g) in THF (200 mL) a solution of ethyl (diethoxyphosphoryl)acetate (120 mmol, 21 mL) in THF (50 mL) was added dropwise in ice bath. After 30 min, the suitable ketone (100 mmol) was added to the reaction mixture, which was then stirred for 2-3 days in room temperature. After the reaction completed, THF was evaporated under reduced pressure, and the residue was extracted with diethyl ether. The organic layer was dried over sodium sulfate and evaporated. Crude product purified by column chromatography on silica gel using n-hexane: ethyl acetate (5:1) as eluent. Ethyl (2E)-3-phenylbut-2-enoate (2a). Colorless oil, yield 90%, 17.1 g. 1 H NMR (300 MHz, CDCl3), δH 1.36 (3H, t, J = 7.2 Hz, CH3), 2.62 (3H, d, J = 1.2 Hz, CH3), 4.25 (2H, q, J = 7.2 Hz, CH2), 6.17 (1H, m, H2), 7.40 (3H, m), 7.51 (2H, m). 13 C NMR (75 MHz, CDCl3), δC 14.6 (CH3), 18.2 (CH3), 60.2 (CH2), 117.4, 126.6, 128.8, 129.3, 142.5, 155.9, 167.2 (CO) . Ethyl 3,3-diphenylacrylate (2c). Colorless oil, yield 85%, 21.5 g.
1 H NMR (300 MHz, CDCl3), δH 1.17 (3H, t, J = 7.2 Hz, CH3), 4.11 (2H, q, J = 7.2 Hz, CH2), 6.44 (1H, s, H2), 7.27-7.45 (10H, m). 13 C NMR (75 MHz, CDCl3), δC 14.3 (CH3), 60.4 (CH2), 117. 7, 128.2, 128.4, 128.6, 128.7, 129.4, 129.7, 139.3, 141.1, 156.9, 166.4 (CO) . Ethyl (2E)-3-(2-thienyl)but-2-enoate (2e). Colorless oil, yield 90%, 17.6 g.
1 H NMR (300 MHz, CDCl3), δH 1.34 (3H, t, J = 7.2 Hz, CH3), 2.63 (3H, d, J = 1.2 Hz, CH3), 4.22 (2H, q, J = 7.2 Hz, CH2), 6.22 (1H, d, J = 1.2 Hz, H2), 7.06 (1H, t, J = 4.2 Hz), 7.34 (2H, d, J = 4.2 Hz). 13 C NMR (75 MHz, CDCl3), δC 14.6 (CH3), 17.5 (CH3), 60.2 (CH2), 114.5, 127.0, 127.4, 128.2, 145.8, 148.1, 167.0 
(CO).
General procedure for the synthesis of conjugated amides Conjugated esters 2a, 2c and 2e were synthesized according to the method explained above. To the conjugated ester (100 mmol), a solution of 5 M NaOH (200 mmol) was added and the mixture was refluxed for 2-3 hours until the phases combined. Water was added to sodium salt and then was hydrolyzed with diluted HCl (25%). Carboxylic acid obtained was filtered and washed with water. Then, fresh distillated thionyl chloride (37 mL, 500 mmol) is added drop by drop in the suspension of carboxylic acid in 200 mL chloroform at room temperature. The mixture was allowed to stand for 12 hours. Without purifying the solution of acyl chloride in chloroform, it is added slowly into a solution of 450 mL ammonia (35 %) containing sodium hydroxide (26 g, 0.2 mole) which was cooled in an ice bath and stirred vigorously. Separated amide was filtered, washed with water and dried. Yield 70%. (2E)-3-Phenylbut-2-enamide (2b). White solid, mp 116-118 °C 15 . 1 H NMR (300 MHz, CDCl3), δH 2.66 (3H, s, CH3), 5.97 (2H, br, NH2), 6.20 (1H, s, H2), 7.45-7.56 (5H, m). 13 C NMR (100 MHz, CDCl3), δC 17.9 (CH3), 119.2, 126.4, 128.7, 128.9, 142.7 (C2) General procedure for the synthesis of 4-cyano-2,3-dihydrofurans A solution of manganese(III) acetate dihydrate (0.83 g, 3 mmol) in 15 mL of glacial acetic acid was heated under nitrogen atmosphere at 80 °C until it dissolved. After the solution was cooled down to 70 °C, a solution of 3-oxopropanenitrile (2 mmol) and conjugated alkene (1 mmol) in acetic acid was added to this mixture.The reaction was completed when dark brown color of the solution changed to red color (in 30-60 min). Water (20 mL) was added to this solution and extracted with CHCl3 (3x20 mL). The combined organic phases were neutralized with satd. NaHCO3 solution, and dried over anhydrous Na2SO4 and evaporated. Crude products were purified by column chromatography on silica gel or preparative TLC (20x20 cm plates, 2 mm thickness) using n-hexane/EtOAc (1:1) as eluent. 4-Cyano-2-methyl-2,5-diphenyl-2,3-dihydrofuran-3-carboxamide (3a 77.6, 92.3, 116.9 (CN), 124.0, 127.4, 127.7, 128.4, 129.1, 129.2, 132.6, 145.5, 168.6 (CO) 111.5, 112.4, 115.4 (CN), 122.7, 123.9, 124.4, 127.2, 128.0, 128.4, 129.3, 144.1, 145.1, 156.0, 160.0 (CO) 126.4, 126.9, 127.8, 128.2, 128.7, 128.9, 129.1, 132.3, 139.9, 142.8, 167.4 126.4, 126.9, 128.3, 128.6, 128.7, 128.9, 129.0, 129.7, 131.0, 131.2, 139.8, 142.6, 162.8 (CO), 168.7 (C5) . m/z (ESI + ) = 402 (MH + , 100% ). Anal. Calcd for C24H19NO3S (401.48): C, 71.80; H, 4.77; N, 3.49; S, 7.99%, Found: C, 71.75; H, 4.97; N, 3.58 126.3, 126.5, 127.3, 127.8, 128.4, 128.6, 128.9, 129.0, 129.3, 132.7, 139.5, 143.1, 168.3 5-(4-Chlorophenyl)-4-cyano-2,2-diphenyl-2,3-dihydrofuran-3-carboxamide (3g) 126.5, 127.6, 128.5, 128.7, 129.2, 129.3, 129.4, 129.6, 131.0, 132.4, 134.4, 136.0, 162.4 (C5) 7, 124.4, 126.3, 126.4, 127.2, 128.0, 128.5, 128.7, 128.9, 139.2, 142.6, 144.0, 156 Ethyl 4-cyano-5-(4-methoxyphenyl)-2-methyl-2-(2-thienyl)-2,3-dihydrofuran-3- (3H, s, CH3 2, 123.7, 125.4, 127.4, 129.7, 148.8, 162.7, 167.3 1 H NMR (300 MHz, CDCl3), δH 1.45 (3H, t, J = 7.2 Hz, CH3), 1.95 (3H, s, CH3), 4.42 (2H, dq, J = 13.5 and 7.2 Hz, OCH2CH3), 4.45 (1H, s, H3), 7.10 (1H, dd, J = 5.1 and 0.9 Hz), 7.23 (1H, dd, J = 3.6 and 1.2 Hz), 7.27 (1H, dd, J = 3.9 and 1.2 Hz), 7.38 (1H, dd, J = 5.1 and 0.9 Hz), 7.67 (1H, dd, J = 5.1 and 0.9 Hz), 8.05 (1H, dd, J = 3.9 and 0.6 Hz). 13 C NMR (100 MHz, CDCl3), δC 14.6 (CH3), 25.3 (CH3), 61.1 (C3), 62.5 (CH2), 78.4 (C2), 90.6 (C4), 116.7 (CN), 124.0, 125.7, 127.5, 128.6, 129.7, 131.1, 131.4, 148.3, 162.7 (CO) (1H, s, H4 ), 6.56 (1H, dd, J = 3.6 and 1.2 Hz), 6.99 (1H, dd, J = 5.1 and 3.6 Hz), 7.10 (1H, d, J = 3.6 Hz), 7.13 (1H, dd, J = 3.6 and 0.9 Hz), 7.28 (1H, d, J = 3.9 Hz), 7.64 (1H, s) . 13 C NMR (75 MHz, CDCl3), δC 14.5 (CH3), 25.1 (CH3), 60.7 (C4), 62.4 (CH2), 78.7 (C2), 90.7 (C3), 112.4, 115.6, 115.9 (CN), 124.1, 125.7, 127.4, 143.2, 146.2, 147.9, 158.4 (CO), 168.7 (C2) . m/z (ESI + ) = 330 (MH + , 100% ). Anal. Calcd for C17H15NO4S (329.37): C, 61.99; H, 4.59; N, 4.25; S, 9.74%, Found: C, 61.79; H, 4.50; N, 4.42; S, 9 (1H, s, H3 ), 7.03 (1H, dd, J = 5.1 and 3.6 Hz), 7.18 (1H, dd, J = 3.3 and 1.2 Hz), m), 7.45 (1H, dd, J = 7.8 and 1.2 Hz), 7.48 (1H, s), 7.63 (1H, d, J = 8.4 Hz), 7.69 (1H, d, J = 7.8 Hz) . 13 C NMR (75 MHz, CDCl3), δC 14.5 (CH3), 25.2 (CH3), 61.0 (C3), 62.5 (CH2), 81.5 (C2), 91.0 (C4), 111.6, 112.4, 115.6 (CN), 122.7, 124.1, 124.3, 125.8, 127.3, 127.4, 127.7, 144.3, 147.9, 155.9, 158.6 (CO), 168.5 (C5) . m/z (ESI + ) = 380 (MH + , 100% ). Anal. Calcd for C21H17NO4S (379.43): C, 66.47; H, 4.52; N, 3.69; S, 8.45%, Found: C, 66.26; H, 4.45; N, 3.75; S, 8 124.0, 125.6, 127.4, 127.8 (3xCH), 129.1 (2xCH), 132.5, 148.7, 168.3 (CO) 124.6, 125.5, 127.4, 127.8, 129.8, 143.4, 148.8, 168.6 (CO), 169.7 (C5) . m/z (ESI + ) = 325 (MH + , 100% ). Anal. Calcd for C18H16N2O2S (324.40): C, 66.64; H, 4.97; N, 8.64; S, 9.88%, Found: C, 66.44; H, 5.08; N, 8.56 Cl, 10.28; N, 8.12; S, 9.30%, Found: C, 59.29; H, 3.85; Cl, 10.25; N, 8.22 
13
C NMR (100 MHz, CDCl3), δC 24.8 (CH3), 60.6 (C3), 80.4 (C2), 91.1 (C4), 117.1 (CN), 124. 9, 126.3, 127.8, 129.4, 129.6, 131.2, 132.6, 149.2, 162.2 (CO), 169.7 (C5) . m/z (ESI + ) = 317 (MH + , 100% ). Anal. Calcd for C15H12N2O2S2 (316.40): C, 56.94; H, 3.82; N, 8.85; S, 20.27%, Found: C, 56.83; H, 3.75; N, 8.72; S, 20 1 H NMR (400 MHz, CDCl3), δH 1.94 (3H, s, CH3), 4.18 (1H, s, H3), 5.93 (1H, s, NH), 5.99 (1H, s, NH), 6.58 (1H, dd, J = 3.6 and 1.6 Hz), 6.99 (1H, dd, J = 5.2 and 3.6 Hz), 7.13 (2H, m), 7.27 (1H, dd, J = 5.2 and 1.2 Hz), 7.65 (1H, dd, J = 1.6 and 0.8 Hz). 13 C NMR (100 MHz, CDCl3), δC 24.5 (CH3), 61.7 (C4), 78.4 (C5), 91.5 (C3), 112.5, 115.7 (CN), 116.1, 124.1, 125.7, 127.4, 143.1, 146.5, 148.2, 159.3 (CO), 169.3 (C2) . m/z (ESI + ) = 301 (MH + , 100% ). Anal. Calcd for C15H12N2O3S (300.33): C, 59.99; H, 4.03; N, 9.33; S, 10.68%, Found: C, 60.12; H, 4.21; N, 9.20 ; S, 10.55%. 5-(1-Benzofuran-2-yl)-4-cyano-2-methyl-2-(2-thienyl)-2,3-dihydrofuran-3-carboxamide (3w). Yellow solid, yield 91%, 320 mg, 
